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Vascular bifurcation influences the protein corona
composition on nanoparticles and impacts their
cellular uptake
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The protein corona (PC) that forms on nanoparticles (NPs) after in vivo injection influences their
biodistribution, pharmacokinetics, and cell interaction. Although injected NPs traverse vascular networks,
the impact of vascular features on the protein corona composition is mainly unexplored. Using an in
vitro flow model that introduces bifurcations, a common feature of blood vessels, we show that vessels
are not passive bystanders in the formation of the PC but that their features play active roles in defining
the PC on NPs. The addition of bifurcation significantly increased the amount of proteins associated with
NP. The bifurcation's introduction also changed the PC's composition on the NPs and affected the NP

interactions with cells. Correlation analysis and modeling showed that these changes in the PC are
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Accepted 11th May 2022 mediated by both the branching and diameter reduction associated with vessel bifurcation and the
resulting change in flow rate. The results indicate that blood vessel structures play an active part in the

DOI: 10.1035/d2na00066k information of the PC, and their role should be studied critically for a better understanding of the PC and
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Introduction

Nanoparticles (NPs) continue to see increasing use in medicine
for drug delivery, medical imaging, and diagnosis."> NPs have
tuneable properties such as size, shape, and surface chemistry
that can be controlled for different medical applications.® Their
large surface-to-volume ratio allows conjugation of ligands,
thereby enhancing their delivery to target tissues for therapy
and imaging.*®

After in vivo administration into biological fluids, proteins
rapidly adsorb on NPs, forming a protein corona (PC) due to
their high surface free energy.®” The PC imparts a new biolog-
ical identity to the NPs that governs their biological fate. The PC
composition influences NP uptake by immune cells with
implications for their pharmacokinetics and biodistribution.® It
also affects cellular responses, including inflammation, oxida-
tive stress, and apoptosis.®™

The biological effect of the PC on NP fate is determined by
the type and amount of the bound proteins, predicted by the NP
physicochemical characteristics and the physiological condi-
tions under which the PC is formed.** Physicochemical
properties of NPs such as size, shape, surface charge, and
surface functionalization directly mediate the formation of the
PC and influence the composition of the protein corona.®*>*
studies, there remains

However, even with extensive
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discordance between the in vitro identified protein corona and
those identified on NPs collected from in vivo studies for
particles with the same physicochemical characteristics."

Recently, the effect of flow on PC composition and its ulti-
mate impact on NP fate has been recognized,'®'” with the flow
velocity directly affecting the composition of the PC."* These
results also demonstrate that shear stress generated under
dynamic flow conditions affects the complexity and abundance
of protein corona on NPs.'® Studies comparing PC formed on
NPs under dynamic flow and static conditions in vitro show
variation in the amount and composition of the PC that affects
NPs' cellular uptake and toxicity."”

Characterizing the PC formed on intravenously injected NPs
in vivo and comparing it to PC formed in vitro under flow
conditions has further highlighted how the complex physio-
logical environment influences the composition of the PC and
the resulting biological effect, independent of their physico-
chemical properties.” Understanding how physiological attri-
butes of the vasculature other than flow velocity influence the
composition of the PC is necessary to reconcile the seeming
disparity between PCs formed in vivo and in vitro. Resolution of
this problem will enable better prediction of the PC composi-
tion on NPs and their potential biological effects.

Bifurcation is a common feature of blood vessels, with larger
vessels progressively branching into smaller daughter vessels.*
Such changes often lead to variations in blood flow. Poiseuille's
law states that the volume flow rate directly depends on the
vessel's geometry, such as radius of curvature and length, and is
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inversely proportional to viscosity.*"** With the viscosity of the
liquid remaining constant throughout, the geometry of the
blood vessel can have a predominant effect on flow profile.*
Therefore, constant branching and associated reduction in
diameter could alter the flow profile of plasma. Turbulence is
a crucial feature observed in plasma flow that arises due to
changes in vessel physiology.”* Such changes in plasma flow
caused by vascular dynamics could potentially affect the
distribution of proteins in the blood and their interactions with
NPs.* A classic example of how vessel structure affects the flow
and its implications is the increased probability of plaque
depositions and leukocyte adhesion at vessel bifurcations.”**”
Unfortunately, most studies only evaluate flow rate and do not
consider vessel architecture.

This study analyses NP protein interactions in the presence
of a single bifurcation with a decrease in the diameter of the
daughter vessels to determine the impact on the composition of
the PC that forms on polystyrene NPs. The results show that the
changes in vessel structure indeed influence the amount and
composition of the PC on NPs. Changes in the NP uptake were
also observed due to differences in the PC composition. These
results have implications for the ability to translate in vitro PC
studies in vivo and suggest the need to include the complexity of
the vasculature in the design of in vitro studies.

A
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Results and discussion

Modeling the vasculature in vitro to study effort on protein
corona formation

Blood vessels branch into smaller daughter vessels that change
blood flow velocity. Considering that the flow rate of plasma
affects the formation of PC on NPs, we hypothesized that
changes in hemodynamics caused by bifurcations and the
associated reduction in blood vessel diameter impact the
composition of the PC formed on an NP. In vitro models made
from polyurethane tubing connected to a peristaltic pump to
form a closed-loop circuit or incorporating bifurcations (Fig. 1A)
were created to test the hypothesis. For the bifurcation model,
a central tubing with 3/32 inches internal diameter (ID)
branched into two daughter tubes of 1/16 inch ID at an angle of
70° between them (Fig. 1A). Fluid dynamics were modeled for
these vessel architectures with ANSYS Fluent software to eval-
uate how hemodynamics are affected. The modeling of fluid
flow in the loop system had a maximum velocity of 2.9 m s~ " at
the center that deceased significantly closer to the vessel walls.
This is expected as flow in cylindrical tubes has maximum
velocity in the center, while the velocity decreases closer to wall
due to boundary condition.”® While there is no fluid mixing in
the simple loop, the addition of the bifurcations increased
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and bifurcated in vitro systems.

2672 | Nanoscale Adv., 2022, 4, 2671-2681

(A) Scheme of in vitro models to ascertain effect of bifurcations on the PC formed on NPs (B) ANSYS fluid modeling of plasma flow in loop
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mixing, causing turbulence at the branch junction. In the
models with bifurcation, fluid velocities peaked at 3.1 m s~ " at
the branch point, 6% faster than the highest flow rate predicted
in the loop configuration. Immediately after the branch point,
the fluid velocity drastically reduced within the arms of the
branches (1.6 m s~ ') before increasing to a maximum of
2.3 m s~ " at the center of the daughter vessels. These in silico
modeling results show the effects that the dramatic changes in
the vessel architecture could have on fluid flow and corresponds
to flow rate variations modeled for in vivo bifurcations.”

Bifurcation affects the amount of proteins on NPs

To investigate the potential effect of bifurcation on the
protein corona, 50 nm amine-modified polystyrene NPs were
purchased and used without any modifications. Polystyrene
NPs (PS-NP) are used as a model NP in these studies because
their uniformity in size (polydispersity index = 0.06) would
reduce possible confounding results due to size distributions.
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The hydrodynamic size of the PS-NPs was measured as 54 +
1 nm, while the core size, derived from transmission electron
microscopy (TEM), was 50 + 10 nm (Fig. 2 and Table 1). The
PS-NPs were injected into circulating plasma in the loop and
bifurcation systems at a flow rate of 25 mL min ' for 10
minutes. The particles were washed thrice with 1x PBS to
remove the loosely bound proteins (soft PC), leaving behind
proteins tightly bound to the surface called the hard PC. The
resultant NP-hard PC complex was used for all the further
analyses. The hydrodynamic diameter of the PS-NPs incu-
bated in the loop system was 66 + 27 nm, demonstrating an
increase in the hydration shell due to the adsorbed hard PC.
The TEM size remained unchanged (Fig. 2 and Table 1). After
incubation of the PS-NPs in the bifurcation model, the
hydrodynamic diameter increased to 56 + 18 nm, while the
TEM measured size was 51 + 8 nm (Fig. 2 and Table 1). The
zeta ({) potential of the untreated amine-modified PS-NPs was
+42 £+ 5 mV and changed to —22 + 4 mV and —25 £ 2.4 mV
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(A) Hydrodynamic diameter of polystyrene nanoparticles (PS-NPs) before and after incubation in loop and bifurcation flow systems

containing plasma. (B) Transmission electron micrograph of bare PS-NPs, PS-NPs incubated in loop system and PS-NPs incubated in bifurcation

system.
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Table 1 Particle characteristics

Particle Hydrodynamic diameter (nm) Zeta potential (mV) PDI TEM (nm)
Nanoparticle only 54 +1.2 42 £5.2 0.06 50 £+ 10
Loop PC 66 + 27.0 —22 £ 4.0 0.5 £ 0.1 4 +5
Bifurcation PC 56 + 18.0 —25+2.4 0.4 51+ 8

after incubation in the plasma in the loop and bifurcation
systems, respectively (Table 1).

The plasma proteins bind to the surface of NPs upon
immediate contact with its surface, reducing the exposure of
amines on the NP surface that are responsible for the cationic
charge. The ¢ potential reversal of the NPs upon exposure to
plasma indicates the preferential binding of proteins with low
isoelectric points (pI) to the cationic NP surface. Albumin, the
most abundant protein in blood plasma and generally present
in the PC has a pI of 4.9.3** Similarly, complement proteins and
apolipoproteins, which generally form part of the PC, have low
pIs.** Although the TEM micrograph of the untreated PS-NP
showed individual unaggregated particles, PS-NPs from the
loop and bifurcation treatment showed the tendency to aggre-
gate. However, the pattern for aggregation was different for both
treatments. The PS-NP from the loop treatment aggregated in
series to form chain-like structures (Fig. 2), while the PS-NPs
from the bifurcation treatment aggregated into large clusters.
The amount of protein on NPs influence how they aggregate.>*
At optimal concentrations, proteins improve the distribution of
NPs and prevent aggregation. However, higher concentrations
of proteins on NPs tend to increase particle aggregation.*
Proteins that bind to NP surfaces undergo conformation
changes and could induce protein aggregation, enhanced by the
increased turbulence in the bifurcation model. This can ulti-
mately lead to coalescence of the protein-coated NPs into
aggregates. These results suggest that different amounts of
proteins with different compositions adsorb to the NPs after
treatment under the two conditions. This is anticipated as the
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Bifurcation

flow rate of plasma has been shown to affect the amount of
proteins on NPs."

We confirmed that the change in flow velocity caused by the
introduction of the bifurcation impacted the amount of
proteins in the hard corona by micro-BCA assay. The addition of
the bifurcation increased the amount of protein on the PS-NPs
by 75% compared to the loop system (Fig. 3A; p = 0.0324). These
results are supported by other studies that show that NPs iso-
lated after in vivo injection have more adsorbed proteins than in
vitro incubated NPs, supporting a role for the vascular archi-
tecture."** We next determined whether the difference in the
amount of protein in the PC also translated into variations in its
composition using liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). Four independent experiments were
performed for each condition, and proteins with an abundance
greater than 0.2% were analyzed. The protein had to be present
in at least three experiments for it to be considered for further
analysis.

Of the most abundant proteins identified by LC-MS/MS in
the hard corona, 15 unique proteins were present only in the
corona for NPs injected in the loop system. In comparison, 14
unique proteins were present in only the PC from the NPs
injected into the bifurcation system. There were 32 proteins
present in the PC from NPs treated in both the loop and
bifurcation systems.

Although 32 proteins were shared between the two models,
their abundances varied and were impacted by the flow models
(Fig. 3B). Fig. 3C represents the 10 proteins that showed
significant differences in abundance between the two

I Loop
mm Bifurcation

14

Average abundance %age

(A) Micro-BCA assay to quantify proteins in the corona formed on NPs after loop and bifurcation treatment. (B) Venn diagram showing the

common and different proteins between loop and bifurcation treatment as identified by LC-MS/MS. (C) Comparison between common proteins
identified in loop and bifurcation treatment (only statistically significant proteins are shown here).
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conditions. While overall, bifurcation increased the amount of
proteins in the PC, the shared proteins were most abundant in
the PC from the loop condition (Fig. 3C).

Bifurcation changes the composition of the protein corona on
PS-NPs

The proteins were categorized depending on their contribution
to acute phase reactions, coagulation, complement response,
immunoglobulins, and lipoproteins. These protein groups were
selected because of their contribution to NP biodistribution,
pharmacokinetics, clearance, and cellular interactions."** For
example, lipoproteins, acute phase reactants, immunoglobu-
lins, and the exclusion of coagulation and complement proteins
in the PC of injected NPs increase their blood residence time.**
48.3% and 36.7% of the LC-MS identified proteins fell in the
categorized groups for loop and bifurcation treatments,
respectively (Fig. 4A). Of these proteins, lipoproteins were most
abundant, representing 18% and 13% in abundance in the PC
on NPs from the loop and bifurcation flow systems, respectively.
Apolipoprotein (Apo) B-100 was the most abundant lipoprotein
accounting for more than 50% of the lipoprotein content in PC
of NPs from both loop and bifurcation models. While present in
both PCs, clusterin, Apo A-I and Apo C-III demonstrated
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statistically significant differences in abundance (Fig. 4B and
3C). Proteins associated with coagulation were most prominent
after lipoproteins and showed higher abundance in the PC of
NPs from the loop system. The abundance of fibrinogen
components (alpha, beta, and gamma chains) was twice in the
PC of NPs from the loop system compared to the PC from the
bifurcation system. The PC from the loop also lacked alpha-2-
antiplasmin and kininogen-1, which were present in PCs from
bifurcation, albeit at low abundance. The composition of
complement system-related proteins in the PC of NPs from the
bifurcation system was more diverse, with 10 different proteins
compared to just 5 in the PC from the loop system. Similarly,
there were differences in the identity of proteins related to acute
phase reactions and immunoglobulins (Fig. 4B-F).
Considering that the introduction of bifurcations affected
the PC composition on the NPs, the potential impact on bio-
logical pathways was investigated. For this, the annotated LC-
MS/MS data were analyzed using Reactome Pathway Database,
a free, open-source bioinformatics tool that maps pathways by
analyzing the over-representation of proteins associated with
specific pathways in a given data set.***” The analyses show
enrichment of proteins associated with different pathways in
the PC on the NPs (Fig. 5). Although there was equal enrichment
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(A) Donut chart depicting the proteins classified according to the biological processes. Annotation of proteins in the protein corona into

acute phase reactants (B), coagulation related proteins (C), immunoglobulin (D), complement system protein (E) and lipoproteins (F).
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Fig. 6 Interactions of nanoparticle-protein corona (NP-PC) complex with cells. Toxicity of NP-PC to 4T1 cells assessed by MTS assay (A) and

LDH assay (B). (C) Fluorescent images of NP-PC uptake by 4T1 cells.
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analyses to determine impact of bifurcation and size reduction on the PC formed on NPs.

of proteins associated with platelet activation, aggregation, and
degranulation in the PC of NPs from both flow systems, proteins
associated with fibrin clot formation were more enriched in the
PC from the loop. These together resulted in pathways associ-
ated with hemostasis being enriched in the PC on NPs from the
loop system. Pathways associated with complement activation
and progression were more abundant in the PC from the NPs
that flowed through the bifurcation model. However, pathways
contributing to insulin-like growth factor protein transport were
enriched in the loop model.

The PC formed on NP due to bifurcation disrupt cellular
uptake

The PC mediates NP cellular interaction and uptake endocy-
tosis.*® The PC-coated nanoparticles (PC-NPs) were incubated
with 4T1 breast cancer cells to assess cellular uptake and

© 2022 The Author(s). Published by the Royal Society of Chemistry

toxicity. Both MTS metabolic assay and lactate dehydrogenase
(LDH) viability assay show that bare PS-NPs are toxic to the 4T1
cells after incubation for 24 hours in serum-free conditions
(Fig. 6A and B). The presence of the protein corona reduced NP-
induced toxicity, which was independent of how the PC was
formed (Fig. 6A and B). The toxicity of many NPs is mediated by
their surface chemistry.**** Cationic NPs such as these PS-NPs
induce toxicity by disrupting the cell membrane, with their
toxicity rising with increasing {-potential.*>*> The PC on the NPs
masks this cationic surface and prevents direct interaction with
the cell membrane.

The PC-coated NPs (PC-NP) were incubated with 4T1 cells for
4 hours. The uptake studies were performed in serum-free
media to ensure that any observed effect is from the proteins
associated with the NPs. The NPs with PC from the loop system
showed uptake by the 4T1 cells, which were distributed

Nanoscale Adv., 2022, 4, 2671-2681 | 2677
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throughout the cytoplasm, and did not show a preference for
perinuclear localization (Fig. 6C). However, the NPs with PC
generated in the bifurcation flow system showed minimal
uptake by the 4T1 cells. The NPs mainly remained outside the
cell, associated with the cell membrane as clusters (Fig. 6C). Our
initial TEM analysis of the PC-NPs showed that NPs incubated
in the bifurcation system tended to form clusters (Fig. 2B), likely
due to the greater amount of proteins in the PC. The increased
hydrodynamic shear forces experienced by NPs and proteins in
the bifurcation model could also cause protein unfolding and
denaturation that increase aggregation. The cellular uptake of
NPs is a function of their size, with NPs larger than 100 nm
showing lower uptake.*>** Although the individual NPs are
50 nm and readily endocytosed, their aggregated size of greater
than 500 nm decreases their endocytosis by the cells. While this
aggregation may hinder their uptake by 4T1s, which are of
epithelial origin, they may increase uptake by macrophages that
remove debris.*»** These results suggest the probability that the
NPs would aggregate and accumulate in the liver and spleen,
lowering their blood residence time in vivo.

The protein corona is impacted by both branching and size
reduction

The results obtained showed that bifurcation indeed affects the
PC formed on NPs. However, they raise the question of what
component of the bifurcation, the branching, reduction in
diameter of the daughter vessels, or combination of both is
responsible for the observed changes. The PC formed on the PS-
NPs after flow in two other flow systems; a bifurcation model
without the decrease in the diameter of daughter vessels and
a loop system that incorporates a decrease in size were char-
acterized to determine this (Fig. 7A). Dynamic flow simulations
show that decreasing the diameter of the vessel increased fluid
velocity significantly, reaching speeds of 6.3 m s~ at the center
of the vessel. In the branching model without size reduction, in
the portion of daughter vessels, there is an increase in velocity
at the branch point that is followed by a decrease within the
branch. However, the decrease in velocity is not as dramatic as
observed in the standard bifurcation model with a decrease in
the diameter of daughter vessels. The composition and
amounts of proteins, as abundance percentage, in the PC on
NPs from these two models were compared to those from the
standard bifurcation model (Fig. 7C). Comparison of PC of NPs
from bifurcation with size reduction to those from bifurcation
without size reduction in daughter vessels yielded an R* = 0.76.
Comparison of the PC from the bifurcation with size reduction
to those from the loop with size reduction produced an R*> =
0.85. These results demonstrate that the PC composition on
NPs results from a combination of the branching and reduction
in the size of the daughter vessels.

Conclusion

The study presented here demonstrates the impact of bifurca-
tion, a common feature of blood vessels on the PC formed by
NPs. Bifurcations increase the amount of and change the
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composition of proteins adsorbed to NPs and ultimately
determine their interaction with cells. This is the first study to
explore how different aspects of blood vasculature could
contribute to the formation of the PC on injected NPs.
Considering the current discordance between PC formed on
NPs in vitro and in vivo, this study suggests the varied results
may be partly due to the vessel structure and its impact on fluid
dynamics. Therefore, there is a need to investigate better how
vascular characteristics impact the PC to understand their
formation in vivo better and create better prediction models.

Materials and methods
Materials

50 nm blue fluorescent amine-modified polystyrene NPs were
purchased from Millipore Sigma (Burlington, MA) and were
used without further modification. Human plasma with K2
EDTA anticoagulant was purchased from Innovative Research
(Novi, MI) and centrifuged to remove aggregated protein mass.
Polyurethane tubing and fittings of desired sizing and shape
were purchased from United States Plastic Corps (Lima, OH).

Protein corona formation on nanoparticles

Flow conditions for plasma proteins were established using
a peristaltic pump. Polyurethane tubing of desired geometry
was constructed using appropriate fittings and connected to the
pump. The bifurcation model was created using polypropylene
fitting with a 70° angle between the two arms. To mimic an
artery with branching followed by a reduction in diameter,
polyurethane tubing with an inner diameter of 3/32 inner
diameter (ID) was attached to two smaller 4 inches diameter
tubing of 1/16 inches ID via the “Y” fitting. The smaller tubing
ended in another “Y” fitting connected to a larger diameter
tubing to create a closed circuit vessel model. The simple loop
model was constructed using silicone tubing of the equivalent
length of the bifurcation circuit. The volume of plasma in both
systems remained equal at 2 mL.

The models were filled with 100% human plasma (2 mL) and
set to a 25 mL min~" flow rate using a peristaltic pump (Fish-
erbrand™ Variable-Flow Peristaltic Pumps). Using an insulin
syringe, polystyrene NP(1 mg mL ') was injected in the plasma
flow direction and allowed to circulate for 10 minutes at 37 °C.
After 10 minutes, the NPs were recovered from the plasma by
centrifugation (Thermo Scientific™ Sorvall™ Legend™ Micro
21 Microcentrifuge) at 21000 g for 30 minutes. The recovered
NPs were washed in phosphate-buffered saline (PBS) three
times to remove the soft corona, with centrifugation recovery
after each wash.

Particle characterization

Transmission electron micrography (TEM) (JEOL 1200EX)
confirmed the size distribution and morphology of plasma-
treated and untreated nanoparticles. Nanoparticles were drop-
cast onto copper grids, stained with uranyl acetate, and air-
dried at room temperature before imaging.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Hydrodynamic diameter, polydispersity index, and zeta
potential measurements were performed on a Malvern
Zetasizer-Nano instrument on particles resuspended in ultra-
pure water at room temperature.

The amount of protein on NP pellets after running through
the flow models was obtained after washing three times with 1x
PBS by micro-BCA assay (ThermoFisher, Waltham, MA)
following the manufacturer's instructions.

Mass-spectrometry

Sample preparation. Protein digestion was carried out by S-
Trap sample processing technology (S-TRAP™) according to
the protocol. Briefly, reductant (1 puL) was added to protein (5
pg) and was dissolved in 1X lysis buffer. After incubation for 15
minutes at 55 °C, an alkylator (1 pL) was added, and the solution
was incubated for 10 minutes. The pH of the solution was
adjusted to 1 with acid and digested overnight at 37 °C. The
peptides were eluted using elution buffer, dried, and resus-
pended to the desired LC-MS/MS analysis volume.

LC-MS/MS

LC-MS/MS analysis used a Thermo Scientific UltiMate 3000
nanoUHPLC system coupled to an Orbitrap Fusion mass spec-
trometer. Dried samples were reconstituted in a mixture con-
taining 98% water, 2% acetonitrile, and 0.1% formic acid (20
pL) and the injection volume was set to 1 pL. Samples were
separated with an Acclaim PepMap C18 column (0.075 x 150
mm, 2 A particle size) at a flow rate of 0.400 uL min~'. The
mobile phase consisted of water, acetonitrile, and formic acid
(98/2/0.1 for buffer A, 2/98/0.1 for buffer B). The gradient was as
follows: equilibration at 2% B for 5 minutes, ramping up to 45%
B at 37 minutes, 90% B at 40 to 46 minutes, followed by re-
equilibration at 2% B at 47 to 60 minutes.

Eluted peptides were introduced into the mass spectrometer
by positive ESI at 2450 V, and the ion transfer tube temperature
was set to 275 °C. Data was obtained in top speed mode with
a cycle duration of 3 seconds. Full scans were acquired in the
Orbitrap at a resolution of 120 000 at m/z 200. The mass range,
RF lens amplitude, and maximum injection time were 400-1600
m/z, 60%, and 100 ms, respectively. MS/MS spectra were
acquired in the ion trap set to a rapid scan rate. The precursor
isolation window was set to 1.6 m/z. Fragmentation was ach-
ieved by HCD at a fixed collision energy of 28%. Dynamic
exclusion was set to 60 seconds with a tolerance of 10 ppm.

Data were processed by use of Thermo Scientific Proteome
Discoverer 2.4. A custom theoretical fragment database was
derived from the human reference proteome available from
UniProt (UP000005640, 78120 protein sequences). Spectra were
processed and matched against the database using the basic
SequestHT processing and consensus workflows included with
the software and tailored for the tribrid platform, with the
precursor and fragment tolerances set to 5 ppm and 0.6 Da,
respectively. Two peptides were required for the successful
identification of a protein. The abundance percentage of each
protein was calculated by dividing each peptide number by the
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sum of peptides in that particular group. The abundance
percentage thus calculated was used for all the analyses.

Cell culture

4T1 breast cancer cell lines were purchased from the American
Type Culture Collection (ATCC, Manassas, VA). The cells were
grown and maintained in RPMI supplemented with 10% fetal
bovine serum (v/v), 1% penicillin-streptomycin in a 5% CO,
incubator at 37 °C.

The 4T1 cell lines were passaged at 70-80% confluency and
were seeded in a 96 well-plate, with each well comprising 10 000
cells. The cells were allowed to attach to the well-plate prior to
administration with the nanoparticle.

Viability assay

Cell viability was assessed 24 hours after incubation with bare
NPs or NPs with PC using the Lactate Dehydrogenase assay
(CytoTox 96® Non-Radioactive Cytotoxicity Assay) and MTS
assay (CellTiter 96® AQueous Non-Radioactive Cell Prolifera-
tion Assay) kit, following manufacturer's protocols.

Cell uptake of NPs

After incubation in plasma under the different flow conditions
and washing in PBS to remove the soft corona, the PC coated PS-
NPs were fluorescently labeled with Alexa Fluor 594 NHS ester
(ThermoFisher Scientific, Waltham, MA). The NPs were soni-
cated for 5 minutes in a bath sonicator (VWR® Ultrasonic
Cleaners) to break down the aggregates before addition to cells.

The protein corona coated NPs (25 pg mL ™) were incubated
with 4T1 cells at a seeding density of 10 000 cells per well in a 96
well-plate, in serum-free media for 4 hours. The cells were
washed three times with phosphate-buffered saline (PBS),
stained with Hoechst 33258 dye, and fixed in 4% para-
formaldehyde before imaging.

Cell imaging

The 4T1 cells were imaged using a Lionheart LX automated
microscope (Biotek, Winooski, VT) using the filter cubes cor-
responding to Texas red channel to image NPs and DAPI
channel to image cell nuclei.

Statistical analysis

GraphPad PRISM version 9.1 (La Jolla, CA) was used to perform
statistical analyses with the error bars denoting standard devi-
ation. Statistical comparison was determined by Student's ¢-test
and the outcome are denoted as follows: *: p < 0.05; **: p < 0.01;
***: p < 0.0001; ns: not significant.

Correlation analysis

Each treatment was regarded to be an independent variable.
Pearson correlation was performed on abundance percentages
of proteins from each treatment and graphed using GraphPAD
PRISM version 9.1 (La Jolla, CA).

Nanoscale Adv., 2022, 4, 2671-2681 | 2679


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00066k

Open Access Article. Published on 13 May 2022. Downloaded on 3/19/2026 6:56:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

Author contributions

Sridevi B. Conjeevaram - data curation, formal analysis, inves-
tigation, validation, visualization, and writing original draft and
editing. Isaac M. Adjei - conceptualization, funding acquisition,
resources, supervision, writing - original draft, review, and
editing. Ryan M. Blanchard: methodology, manuscript review.
Amulya Kadaba: formal analysis, manuscript review.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

The authors acknowledge the technical expertise offered by the
Protein Chemistry Lab facility at Texas A&M University for
protein quantification using LC-MS/MS and data analysis.
Diagrams of flow systems in Fig. 1 and 6 were created in
BioRender.

References

1

o

N. Yodsanit, et al, Recent progress on nanoparticles for
targeted aneurysm treatment and imaging, Biomaterials,
2021, 265, 120406, DOIL: 10.1016/j.biomaterials.2020.120406.
J. Gupta, et al., Nanoparticle formulations in the diagnosis
and therapy of Alzheimer's disease, Int. J. Biol. Macromol.,
2019, 130, 515-526, DOI: 10.1016/j.ijjbiomac.2019.02.156.

F. Li, J. Lu, X. Kong, T. Hyeon and D. Ling, Dynamic
nanoparticle assemblies for biomedical applications, Adv.
Mater., 2017, 29, 1605897.

A. C. Marques, P. J. Costa, S. Velho and M. H. Amaral,
Functionalizing nanoparticles with cancer-targeting
antibodies: A comparison of strategies, J. Controlled
Release, 2020, 320, 180-200, DOL  10.1016/
j-jconrel.2020.01.035.

G. T. Tietjen, L. G. Bracaglia, W. M. Saltzman and J. S. Pober,
Focus on Fundamentals: Achieving Effective Nanoparticle
Targeting, Trends Mol. Med., 2018, 24, 598-606, DOI:
10.1016/j.molmed.2018.05.003.

A. B. Chinen, C. M. Guan, C. H. Ko and C. A. Mirkin, The
Impact of Protein Corona Formation on the Macrophage
Cellular Uptake and Biodistribution of Spherical Nucleic
Acids, Small, 2017, 13(16), DOIL: 10.1002/smll.201603847.

H. Li, et al, The protein corona and its effects on
nanoparticle-based drug delivery systems, Acta Biomater.,
2021, 129, 57-72, DOI: 10.1016/j.actbio.2021.05.019.

R. Madathiparambil Visalakshan, et al, The Influence of
Nanoparticle Shape on Protein Corona Formation, Small,
2020, 16, 2000285, DOI: 10.1002/smll.202000285.

I. Kuschnerus, et al., Effect of a protein corona on the
fibrinogen induced cellular oxidative stress of gold
nanoparticles, Nanoscale, 2020, 12, 5898-5905, DOI:
10.1039/d0Onr00371a.

10 D. T. Jayaram, S. Runa, M. L. Kemp and C. K. Payne,

Nanoparticle-induced oxidation of corona proteins initiates

2680 | Nanoscale Adv, 2022, 4, 2671-2681

11

12

13

14

15

16

17

18

19

20

21

22

23

24

View Article Online

Paper

an oxidative stress response in cells, Nanoscale, 2017, 9,
7595-7601, DOI: 10.1039/c6nr09500c.

R. Leibe, et al., The protein corona suppresses the cytotoxic
and pro-inflammatory response in lung epithelial cells and
macrophages upon exposure to nanosilica, Arch. Toxicol.,
2019, 93, 871-885, DOI: 10.1007/s00204-019-02422-9.

P. C. Ke, S. Lin, W. ]. Parak, T. P. Davis and F. Caruso, A
Decade of the Protein Corona, ACS Nano, 2017, 11, 11773-
11776, DOIL: 10.1021/acsnano.7b08008.

N. J. Braun, M. C. DeBrosse, S. M. Hussain and
K. K. Comfort, Modification of the protein corona-
nanoparticle complex by physiological factors, Mater. Sci.
Eng., C, 2016, 64, 34-42, DOIL: 10.1016/j.msec.2016.03.059.
M. Lundqvist, et al., Nanoparticle size and surface properties
determine the protein corona with possible implications for
biological impacts, Proc. Natl. Acad. Sci., 2008, 105, 14265~
14270, DOI: 10.1073/pnas.0805135105.

J. Simon, et al., Unraveling the In Vivo Protein Corona, Cell,
2021, 10, 132.

S. Palchetti, et al., Influence of dynamic flow environment on
nanoparticle-protein corona: From protein patterns to
uptake in cancer cells, Colloids Surf., B, 2017, 153, 263-271,
DOLI: 10.1016/j.colsurfb.2017.02.037.

D. T.Jayaram, S. M. Pustulka, R. G. Mannino, W. A. Lam and
C. K. Payne, Protein Corona in Response to Flow: Effect on
Protein Concentration and Structure, Biophys. J., 2018, 115,
209-216, DOL: 10.1016/j.bpj.2018.02.036.

K. Yu, P. Andruschak, H. H. Yeh, D. Grecov and
J. N. Kizhakkedathu, Influence of dynamic flow conditions
on adsorbed plasma protein corona and surface-induced
thrombus generation on antifouling brushes, Biomaterials,
2018, 166, 79-95, DOI: 10.1016/j.biomaterials.2018.03.009.
N. Bertrand, et al., Mechanistic understanding of in vivo
protein corona formation on polymeric nanoparticles and
impact on pharmacokinetics, Nat. Commun., 2017, 8, 777,
DOI: 10.1038/s41467-017-00600-w.

H. H. S. Lakshmanan, J. J. Shatzel, S. R. Olson,
O. J. T. McCarty and J. Maddala, Modeling the effect of
blood vessel bifurcation ratio on occlusive thrombus
formation, Comput. Methods Biomech. Biomed. Eng., 2019,
22, 972-980, DOI: 10.1080/10255842.2019.1610744.

P. Balogh and P. Bagchi, Direct Numerical Simulation of
Cellular-Scale Blood Flow in 3D Microvascular Networks,
Biophys. J., 2017, 113, 2815-2826, DOIL: 10.1016/
j.bpj.2017.10.020.

F. Morales-Acuna, L. Ochoa, C. Valencia and A. N. Gurovich,
Characterization of blood flow patterns and endothelial
shear stress during flow-mediated dilation, Clin. Physiol.
Funct. Imaging, 2019, 39, 240-245, DOI: 10.1111/cpf.12564.
J. Alastruey, J. H. Siggers, V. Peiffer, D. ]J. Doorly and
S. J. Sherwin, Reducing the data: Analysis of the role of
vascular geometry on blood flow patterns in curved vessels,
Phys. Fluids, 2012, 24, 031902, DOI: 10.1063/1.3694526.

A. Nikoli¢, M. Topalovi¢, V. Simi¢ and N. Filipovi¢, Turbulent
finite element model applied for blood flow calculation in
arterial bifurcation, Comput. Methods Progr. Biomed., 2021,
209, 106328, DOI: 10.1016/j.cmpb.2021.106328.

© 2022 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/j.biomaterials.2020.120406
https://doi.org/10.1016/j.ijbiomac.2019.02.156
https://doi.org/10.1016/j.jconrel.2020.01.035
https://doi.org/10.1016/j.jconrel.2020.01.035
https://doi.org/10.1016/j.molmed.2018.05.003
https://doi.org/10.1002/smll.201603847
https://doi.org/10.1016/j.actbio.2021.05.019
https://doi.org/10.1002/smll.202000285
https://doi.org/10.1039/d0nr00371a
https://doi.org/10.1039/c6nr09500c
https://doi.org/10.1007/s00204-019-02422-9
https://doi.org/10.1021/acsnano.7b08008
https://doi.org/10.1016/j.msec.2016.03.059
https://doi.org/10.1073/pnas.0805135105
https://doi.org/10.1016/j.colsurfb.2017.02.037
https://doi.org/10.1016/j.bpj.2018.02.036
https://doi.org/10.1016/j.biomaterials.2018.03.009
https://doi.org/10.1038/s41467-017-00600-w
https://doi.org/10.1080/10255842.2019.1610744
https://doi.org/10.1016/j.bpj.2017.10.020
https://doi.org/10.1016/j.bpj.2017.10.020
https://doi.org/10.1111/cpf.12564
https://doi.org/10.1063/1.3694526
https://doi.org/10.1016/j.cmpb.2021.106328
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00066k

Open Access Article. Published on 13 May 2022. Downloaded on 3/19/2026 6:56:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

25 N. Doshi, et al., Flow and adhesion of drug carriers in blood
vessels depend on their shape: a study using model synthetic
microvascular networks, J. Controlled Release, 2010, 146,
196-200, DOI: 10.1016/j.jconrel.2010.04.007.

26 O. Arjmandi-Tash, S. E. Razavi and R. Zanbouri, Possibility
of atherosclerosis in an arterial bifurcation model,
Bioimpacts, 2011, 1, 225-228, DOI: 10.5681/bi.2011.032.

27 N. Tousi, B. Wang, K. Pant, M. F. Kiani
B. Prabhakarpandian, Preferential adhesion of leukocytes
near bifurcations is endothelium independent, Microvasc.
Res., 2010, 80, 384-388, DOI: 10.1016/j.mvr.2010.07.001.

28 D. Xu, et al, Nonlinear hydrodynamic instability and
turbulence in pulsatile flow, Proc. Natl. Acad. Sci., 2020,
117, 11233-11239, DOI: 10.1073/pnas.1913716117.

29 R. Antoén, et al, A proof-of-concept study of the in-vivo
validation of a computational fluid dynamics model of
personalized radioembolization, Sci. Rep., 2021, 11, 3895,
DOI: 10.1038/s41598-021-83414-7.

30 K. Rezwan, L. P. Meier and L. ]J. Gauckler, A Prediction
Method for the Isoelectric Point of Binary Protein Mixtures
of Bovine Serum Albumin and Lysozyme Adsorbed on
Colloidal Titania and Alumina Particles, Langmuir, 2005,
21, 3493-3497, DOI: 10.1021/1a047288g.

31 Y. Jin, G. Luo, T. Oka and T. Manabe, Estimation of
isoelectric points of human plasma proteins employing
capillary isoelectric focusing and peptide isoelectric point
markers, Electrophoresis, 2002, 23, 3385-3391, DOI:
10.1002/1522-2683(200210)23:19<3385::aid-
elps3385>3.0.co;2-h.

32 B. Michen, et al., Avoiding drying-artifacts in transmission
electron microscopy: Characterizing the size and colloidal
state of nanoparticles, Sci. Rep., 2015, 5, 9793, DOLI:
10.1038/srep09793.

33 M. Tirado-Miranda, A. Schmitt, J. Callejas-Fernandez and
A. Fernandez-Barbero, The aggregation behaviour of
protein-coated particles: a light scattering study, Eur.
Biophys. J., 2003, 32, 128-136, DOI: 10.1007/s00249-002-
0275-6.

34 S. Abbina, et al., Blood circulation of soft nanomaterials is
governed by dynamic remodeling of protein opsonins at

and

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

nano-biointerface, Nat. Commun., 2020, 11, 3048, DOI:
10.1038/541467-020-16772-X.

35 ]. Griss, et al, ReactomeGSA - Efficient Multi-Omics
Comparative Pathway Analysis, Mol. Cell. Proteomics, 2020,
19, 2115-2125, DOI: 10.1074/mcp.tir120.002155.

36 B. Jassal, et al, The reactome pathway knowledgebase,
Nucleic Acids Res., 2020, 48, D498-d503, DOI: 10.1093/nar/
gkz1031.

37 A.Fabregat, et al., Reactome graph database: Efficient access
to complex pathway data, PLoS Comput. Biol., 2018, 14,
€1005968, DOI: 10.1371/journal.pcbi.1005968.

38 C. C. Fleischer and C. K. Payne, Secondary Structure of
Corona Proteins Determines the Cell Surface Receptors
Used by Nanoparticles, J. Phys. Chem. B, 2014, 118, 14017~
14026, DOI: 10.1021/jp502624n.

39 C. Corbo, et al., The impact of nanoparticle protein corona
on cytotoxicity, immunotoxicity and target drug delivery,
Nanomedicine, 2016, 11, 81-100, DOI: 10.2217/nnm.15.188.

40 A. A. Saei, et al., Nanoparticle Surface Functionality Dictates
Cellular and Systemic Toxicity, Chem. Mater., 2017, 29, 6578~
6595, DOI: 10.1021/acs.chemmater.7b01979.

41 A. Sukhanova, et al., Dependence of Nanoparticle Toxicity on
Their Physical and Chemical Properties, Nanoscale Res. Lett.,
2018, 13, 44, DOI: 10.1186/s11671-018-2457-X.

42 1. M. Adjei, B. Sharma and V. Labhasetwar, Nanoparticles:
cellular uptake and cytotoxicity, Nanomaterial, 2014, 811,
73-91, DOL: 10.1007/978-94-017-8739-0_5.

43 N. D. Donahue, H. Acar and S. Wilhelm, Concepts of
nanoparticle cellular uptake, intracellular trafficking, and
kinetics in nanomedicine, Adv. Drug Delivery Rev., 2019,
143, 68-96, DOI: 10.1016/j.addr.2019.04.008.

44 H. H. Gustafson, D. Holt-Casper, D. W. Grainger and
H. Ghandehari, Nanoparticle uptake: The phagocyte
problem, Nano Today, 2015, 10, 487-510, DOI: 10.1016/
j-nantod.2015.06.006.

45 S. S. Yu, et al., Size- and charge-dependent non-specific
uptake of PEGylated nanoparticles by macrophages, Int. J.
Nanomed., 2012, 7, 799-813, DOIL: 10.2147/ijn.s28531.

Nanoscale Adv., 2022, 4, 2671-2681 | 2681


https://doi.org/10.1016/j.jconrel.2010.04.007
https://doi.org/10.5681/bi.2011.032
https://doi.org/10.1016/j.mvr.2010.07.001
https://doi.org/10.1073/pnas.1913716117
https://doi.org/10.1038/s41598-021-83414-7
https://doi.org/10.1021/la047288g
https://doi.org/10.1002/1522-2683(200210)23:19&lt;3385::aid-elps3385&gt;3.0.co;2-h
https://doi.org/10.1002/1522-2683(200210)23:19&lt;3385::aid-elps3385&gt;3.0.co;2-h
https://doi.org/10.1038/srep09793
https://doi.org/10.1007/s00249-002-0275-6
https://doi.org/10.1007/s00249-002-0275-6
https://doi.org/10.1038/s41467-020-16772-x
https://doi.org/10.1074/mcp.tir120.002155
https://doi.org/10.1093/nar/gkz1031
https://doi.org/10.1093/nar/gkz1031
https://doi.org/10.1371/journal.pcbi.1005968
https://doi.org/10.1021/jp502624n
https://doi.org/10.2217/nnm.15.188
https://doi.org/10.1021/acs.chemmater.7b01979
https://doi.org/10.1186/s11671-018-2457-x
https://doi.org/10.1007/978-94-017-8739-0_5
https://doi.org/10.1016/j.addr.2019.04.008
https://doi.org/10.1016/j.nantod.2015.06.006
https://doi.org/10.1016/j.nantod.2015.06.006
https://doi.org/10.2147/ijn.s28531
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00066k

	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake

	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake

	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake
	Vascular bifurcation influences the protein corona composition on nanoparticles and impacts their cellular uptake


